Brunogeierite is a rare Ge-mineral with a spinel-type structure. Inconsistences in the brunogeierite formula suggesting divalent germanium in its structure have occurred since its description. A review of the published data and bond-valence calculations show that the correct ideal end-member formula of brunogeierite is (Fe 
Introduction
Brunogeierite is a rare Ge-mineral with a spinel-type structure. Since its discovery in Tsumeb, Namibia (Otteman and Nuber 1972) it has been described from at least 12 other localities in the French Pyrenees (Aye et al. 1978; Johan et al. 1983; Johan and Oudin 1986) . The brunogeierite structure and experimental stability constraints are well known (Otteman and Nuber 1972; Hariya and Wai 1970; Julliot et al. 1987; Welch et al. 2001) ; however, its formula is ambiguous. In the updated 2011 version of "IMA List of Minerals" and in earlier books and reviews (e.g., Fleischer and Mandarino 1995; Anthony et al. 1997) , brunogeierite was listed with the formula Ge 2+ (Fe 3+ ) 2 O 4 and the respective Strunz classification was 4.BB.05 (Oxides, Spinel Group). The presence of Ge 2+ in brunogeierite has also been non-critically adopted elsewhere (e.g., Höll et al. 2007 ). However, the low oxidation state of germanium (Ge 2+ ) along with the high oxidation state of iron (Fe 3+ ) in the same compound is suspicious and, since synthetic compounds with Ge
2+
are very rare and usually unstable in humid air (e.g., Messer 1978; Thiele et al. 1987) , the presence of Ge 2+ in a natural phase is unlikely.
This study clarifies the inconsistences in the brunogeierite formula and provides new bond-valence parameters for bonds of Ge 2+ with oxygen and chlorine. A review of published data and bond-valence calculations shows that the correct ideal end-member formula of brunogeierite is (Fe 2+ Churbakov et al. (1964) reported synthesis of magnetite containing Ge 2+ under nitrogen atmosphere using rather unclear synthesis procedure from Fe-sulphate and GeCl 2 in alkaline solution. However, the reported powder X-ray diffraction patterns of the precipitates heated at 400 °C in a stream of CO 2 strongly resemble those for mixtures of magnetite, GeO 2 and hematite; therefore, the synthesis products do not seem to be sufficiently characterized.
Crystal chemistry of ionic Ge 2+ -compounds
Compounds containing Ge 2+ have been synthesized in the past but are never observed in nature. Germanium with formal valence 2+ is stable especially in covalent bonds with S, Se, Te, As, P and N; ionic bonds with halogenides and oxygen are less frequent. Ratios of ionic/covalent bond components are disputable (e.g. Höll et al. 2007 ); covalent bonding becomes more important for bromides and iodides but it is significant for bonds with anions of high electronegativity (O, F, Cl where B is a bond-valence parameter (B = 0.37 Å), V i the formal valence of the cation (V = 2), and R ij the bond length between atoms i and j. Advanced least-squares fitting of R 0 and B constants (e.g. Krivovichev 2012, and references therein) was not possible due to the lack of structural data.
The calculated bond-valence parameters may be influenced by interactions of the free electron pair with adjacent atoms. In GeCl(H 2 PO 2 ), the distance between Ge and P is 4.17 Å, and in Na[Ge 4 (PO 4 ) 3 ] the two neighboring Ge atoms are 3.94 Å apart; these distances are too long for significant covalent interactions. This is in agreement with Wang and Liebau (1996) who showed correlation between the <φ-Sb 3+ -φ> bond angles and free electron pair interaction for Sb 3+ in triangular pyramidal coordination. All compounds used for the calculation of BV parameters feature O-Ge-O angles between 90 and 100 ° (Tab. 1), suggesting only very weak interactions.
Tab. 1 Calculation of bond-valence parameters for Ge
2+ -Cl and Ge Note: all structures at ambient temperature (20-25 °C). B = 0.37 Å for both R 0 (Ge 2+ -Cl) and R 0 (Ge 2+ -O)
Bond-valence calculations in brunogeierite
The bond-valence model (Brown and Altermatt 1985; Brown 2002 ) is frequently used in verification and modeling of inorganic crystal structures using empirical relationships between bond length and bond valence. The bond valence is related to the bond length using the equation:
where R ij represents the bond length from atom i to atom j, S ij the corresponding bond valence, and R 0 and B are empirical parameters. The sum of all experimental bond valences S ij around the atom i is equal to its formal valence V i (Brown and Altermatt 1985; Brown 2002) .
The bond-valence model was employed to calculate the valence states of Fe and Ge in three individual cases: 1) all Ge as Ge 2+ and all Fe as Fe 3+ , 2) all Ge as Ge 4+ and all Fe as Fe 2+ , and 3) bond-valence optimized formula with minor Fe 3+ disordered between tetrahedral and octahedral sites. The brunogeierite structure and bond lengths reported by Welch et al. (2001) 4+ and disordered bond-valence optimized formula; Δ = difference between the average cation charge and the bond-valence sum.
